Understanding and predicting disease epidemiology relies on clear knowledge about the basic biology of the organisms involved. Despite the key role that arthropod vectors play in disease dynamics and detailed mechanistic work on the vectorpathogen interface, little information is often available about how these populations function under natural conditions. Population genetic studies can help fill this void by providing information about the taxonomic status of species, the spatial limits of populations, and the nature of gene flow among populations. Here, I briefly review different types of population genetic structure and some recent examples of where this information has provided key elements for understanding pathogen transmission in tick-borne systems.
small size, the inability to follow them directly under natural conditions, and the daunting task of trying to determine which species are involved in transmission cycles when pathogen prevalence is low. Polymorphic molecular markers and the way this polymorphism is distributed within and among pre-defined subsets of individuals (i.e. population genetics) can provide insight into many ecological features of these organisms including reproductive modes and/or strategies, dispersal, and population size and structure (Tabachnick & Black IV, 1995; see De Meeûs et al., 2007 for a detailed review of population genetic techniques and analyses). They also provide a means of simultaneously studying the microparasites harboured by these vectors with greater ease than in the past (e.g., Mohanty et al., 2007) . The wide-spread availability of these tools has opened the way to the development of integrated genetic epidemiology -the study of the population genetics of infectious diseases and their vectors (Tibayrenc, 1998) , a discipline that aims to establish the patterns and determinants of the spatial and temporal distribution of disease. In this short review, I hope to convince the reader of the insight to be gained from studying the population genetics of vectors. I first discuss the types of information these studies can provide and the implications of different population genetic structures for epidemiology. To illustrate these points, I review some recent examples of tick vectors where population genetic studies have provided key elements for understanding pathogen transmission.
WHAT CAN THE POPULATION STRUCTURE OF VECTORS TELL US?
I f we wish to predict the dynamics of disease epidemics, we must first understand key factors linked to transmission through the vector such as the biological diversity involved, the population dynamics of these species, and the spatial extent of their population. Population genetic studies can provide incite on many of these aspects. For example: T he medical and economic impacts of vector-borne disease are incontestable. However, much basic information on the taxonomy and ecology of these systems is unknown, and particularly that of the vectors responsible for disease transmission. For example, many studies have focused on pathogenic trypanosomes transmitted by tsetse flies, but this knowledge is largely without reference to their vectors (Gooding & Krafsur, 2005) . We can now find molecular evidence for sympatric divergence of malaria pathogens within avian host species. However, the factor driving this divergence is unknown; the vector is likely the key for understanding this diversity, but in most cases has yet to be identified (Pérez-Tris et al., 2007) . The former view of arthropod vectors as vehicles for reaching the host with no impact on the pathogen is changing as more and more studies demonstrate that pathogens can significantly alter vector biology and that there is a strong genetic basis for vector competence (reviewed in Gooding, 1996) . The lack of information on vectors may lie in part with the difficulty inherent in studying them because of their X th EMOP, August 2008 Parasite, 2008, 15, 444-448 • Cryptic vector species Epidemiological studies assume that we understand the taxonomic status of the organisms involved in the disease cycle. However, how much of what we interpret as intraspecfic variation is actually interspecific? Numerous genetic studies have revealed the presence of cryptic vector species (e.g., Beebe & Cooper, 2000; Vial et al., 2006b) . The presence of these species can change our perception of the pathogen-vector-host interaction (Fig. 1) . Different vector species may show different degrees of competence (i.e., the innate ability to acquire pathogens and pass them to a susceptible host) and thus population parameters associated with vector population dynamics, along with selection on the pathogen, will be strongly affected.
• Population structure and transmission At a lower taxonomic level, the subdivision of the vector into discrete populations (population structure) will also affect the scale at which transmission occurs. Indeed, different population structures can alter disease transmission parameters and modify predictions of disease dynamics (Wonham et al., 2006) . As is the case for cryptic vector species, this isolation can lead to inter-populational differences in competence, virulence, resistance, etc.
• Gene flow and colonisation potential Population genetic data can provide us with estimates of the distance, direction and rate of gene flow between discrete populations. If gene flow is high, the vector may have a high probability of colonizing new areas or recolonizing sites where local control programmes were successful at eradication. Patterns of gene flow across populations can also provide indications of dispersal mechanisms. For example, if population divergence gradually increases with geographic distance (i.e., isolation by distance), natural dispersal of the vectors between neighbouring populations may be occurring. Depending on the biology of the organism, alternative patterns may suggest that other dispersal mechanisms are operating, including anthropogenic sources (e.g., vector migration via human transportation systems). The simplest scenario where a microparasite circulates between one host population and a single vector population. In this case, the microparasite may adapt to efficiently exploit the vector and vertebrate host. b) The vector shows population structure, but both populations exploit the same host population. Here, the microparasite can circulate in both vector populations, but selection in the vector will occur independently (could result in one vector becoming more competent than the other or in the evolution of two microparasite populations via divergent selection). c) Several host species are available locally, but all are equally used by the vector (the vector is a generalist). In this case, the evolution of the microparasite will depend on relative selection pressures imposed by the different hosts. d) Each vertebrate host species is exploited by one vector population resulting in locally independent or semi-independent disease cycles. The outcome of these interactions will depend on the specificity of the different vector populations (dotted line) and the ability of the microparasite to exploit different hosts after transmission.
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Parasite, 2008, 15, [444] [445] [446] [447] [448] . Diversity and local adaptation Vertebrate-vector-pathogen systems are dynamic and their evolutionary rates will depend upon available genetic variation and the selective pressures applied to each interacting species. Gene flow that increases local genetic variation can be essential in determining host-parasite co-evolutionary outcomes (Gandon & Michalakis, 2002) . It is widely acknowledged that genetic variation in vector populations probably affects the transmission of many parasitic diseases at macrogeographic scales (Gooding, 1996) and, in line with this, numerous studies have found interpopulational variability in susceptibility/resistance to pathogens (e.g., Turell et al., 1992) .
IMPLICATIONS OF DIFFERENT POPULATION STRUCTURES
B ased on morphological descriptions, vector-borne systems can often seem relatively simple where a microparasite is transmitted between one vector population and one host population in a given location. This type of system is very convenient for models of pathogen dynamics and evolution. However, population genetic studies of vector organisms can often reveal more complex situations. In Figure 1 , I outline several possible vector population structures. This structure will intimately affect the ecology and evolution of the system, including pathogen evolution. Knowledge of the genetic structure of a vector is also a fundamental basis for designing vector control programs. If there is limited migration between vector populations, control programs aimed at focal areas of disease infection may be effective. If, however, vector dispersal is wide-spread, large scale programs will be required (Tabachnick & Black IV, 1995) . Such studies can also be used to evaluate the effectiveness of previous control programs by determining the origin of newly established vector populations (e.g., De Rosas et al., 2007) .
EXAMPLES
B elow I review examples from studies of the population genetic structure of ticks that outline how information about the population structure of these vectors has changed our perception of pathogen transmission. Although I limit these examples to ticks, similar examples also exist for other important vector groups: mosquitoes (e.g., Ravel et al., 2002) , sand flies (e.g., Rocha et al., 2007) 
IXODES SCAPULARIS/DAMMINI
In the eastern United States, Borrelia burgdorferi sensu stricto, a member of the spirochete complex B. burgdorferi sensu lato responsible for Lyme disease, is vectored by the black-legged tick Ixodes scapularis (Ixodidae) (Piesman, 2002) . Transmission patterns of B. burgdorferi s.s. are extremely different in the north and south, with high disease incidence in the north and low incidence in the south. These patterns were initially considered due to the presence of different tick vectors with different vectorial capacities in each region, respectively I. dammini and I. scapularis (Fig. 1d) . However, morphology and studies of reproductive isolation called their species status into question . Analyses of population genetic variation have helped shed light on this question. First, variation at two nuclear genes, ITS1 and ITS2, found that differentiation between populations within each species was of the same magnitude as that between populations of the different species (Wesson et al., 1993) . Analyses of the 16S and 12S mitochondrial genes showed that although all I. scapularis and I. dammini populations formed a monophyletic group with respect to outgroup ticks, two clades could be identified, one corresponding to southern populations, and a second that the authors referred to as the American clade (Norris et al., 1996) . Tick populations with a mix of both haplotype groups could be found and further analyses using RAPD markers (randomly amplified polymorphic DNA) revealed no structure across the eastern US. Based on this data, current gene flow between the species was inferred and justification for the separation of these ticks into two species was lost. Differences in regional patterns of disease transmission are now considered to be best explained by the local availability of different hosts species that show variable degrees of competence for B. burgdorferi s.s. (LoGiudice et al., 2003 , but see Telford, 1998 . The high availability of lizard hosts (poor competence) in the south and whitefooted mice (high competence) in the north may explain current prevalence estimates (Piesman, 2002) . In this case, we have scenario c (Fig. 1) , but with the relative availability of the different hosts changing across the distribution.
ORNITHODOROS SONRAI
In West Africa, tick-borne relapsing fever (TBRF) is caused by the spirochete Borrelia crocidurae and is transmitted by the soft tick Ornithodoros sonrai. Disease incidence is high and increased substantially between 1995 and 2002 in rural areas of Senegal, Mauritania and Mali. The average infection rates of the tick vector across villages can be high 31 % and transmission to humans seems to be linked to the presence of small mammal burrows that open into human habitations
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Parasite, 2008, 15, 444-448 (Vial et al., 2006a) . Species identification of soft ticks in Africa has traditionally been based on morphology, geographic distribution, vector competence and Borrelia specificity. However, the existence of multiple strains of B. crocidurae with distinct pathogenic effects that were transmitted only by their local ticks, combined with a decreased fecundity in ticks crossed from different regions, suggested that the situation may be more complex. Samples of ticks from across Senegal and Mauritania were analysed at the 16S rDNA gene. All samples formed a monophyletic group, but the sequence divergence of haplotypes ranged from 0.2 % and 16.8 %, greater than between some species of soft ticks (Black IV & Piesman, 1994) . Indeed, four genetically distinct subgroups of O. sonrai could be identified. Three of these followed geographical clusters whereas the fourth, the most divergent subgroup, was found on sympatric ranges with the other three. All subgroups were infected by identical B. crocidurae (determined by amplification of the flagellin gene), but differences in detected prevalence suggested the possibility of variable competences (Vial et al., 2006b) . Here, it is unclear for now which type of transmission scenario we have: one host with at least two vector populations (Figure 1b) , or distinct vector-host associations (Fig. 1d) . More genetic and ecological work will be required to test for host specificity of these tick subgroups, to examine whether selected variation exists in the pathogen, and to determine how this variation relates to the different vector subgroups.
IXODES URIAE
Ixodes uriae exploits different colonial seabird species in the circumpolar areas of both hemispheres and supports an enzootic cycle involving the Lyme disease bacterial complex Borrelia burgdorferi sensu lato (Olsen et al., 1993) . At least one pathogenic species of this complex has been found in this tick, B. garinii, and seabirds have been suggested to be involved in the longdistance spread of this pathogen (Olsen et al., 1995) . Early descriptions of I. uriae considered it as a generalist ectoparasite infesting all locally available seabirds (Fig. 1c) . However, recent studies using microsatellite genetic markers have shown that this is not the case. Distinct host races have been detected on all seabirds tested to date (McCoy et al., 2001 ) and these races seem to evolve recurrently in different isolated regions (McCoy et al., 2005) . If tick races are completely faithful to their hosts, this could result in several independent, but sympatric, transmission cycles (Fig. 1d) . As detailed analyses within each tick race have revealed that the spatial scale of gene flow is host-dependent (McCoy et al., 2003) , this isolation will have important consequences for pathogen transmission and coevolutionary interactions. More detailed characterisation of the Borrelia spp. infecting different tick races should provide some insight into how isolated these interactions are in reality and whether there is a direct link between marine and terrestrial enzootic cycles. For the present, it is unclear how frequently host-associated divergence occurs in tick (or other vector) systems. Future studies will need to adapt sampling procedures in order to test more explicitly for this type of population structure.
CONCLUSIONS AND PERSPECTIVES
M ore than a decade after the call for population genetic studies of vectors (Tabachnick & Black IV, 1995) , we start to see information accumulating and the emergence of a new perspective on the intricacies of vector-borne disease. However, we still have to go the next step. The need for integrated approachs to studying infectious agents is widely recognised (Levin et al., 1999) . These approachs must now incorporate what we are learning about vector ecology and genetics to improve our ability to understand and predict the spatial and temporal distribution of vector-borne disease.
